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b

and the fact that the government may have formulated, furnished, or in any way
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regarded by implication or otherwise, or conveying any rights or permission to

manufacture, use, or sell any patented invention that may in any way be

related thereto.

FOREWORD

This final report was prepared by the Lawrence Berkeley Laboratory in ,
completion of procurement instrument number AFRPL 69022 with the Air Force

Astronautics Laboratory (AFAL), Edwards Air Force Base, CA. The period of the

report is 1 July 1985 to 30 June 1987. AFAL Project Manager was Dr Steve

Rodgers.

This technical report has been reviewed and is approved for distribution

in accordance with the the distribution statement on the cover and on the DD
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INTRODUCTION

L';X(i I (' states 01' interact ing syst emis, that are boun ill i the gron id state

Mnly Lv van (ler- Waals forces, canl interact to form strn igly hound species. This

is found eveni for systems in which only one of the fragments is excited, and is

exenijlified by the excilier states I-e~-eAr-Ar'. :nd J{- .Here the asterisk

Ji ) Sthle lirs"t e.Xeit (.( sI at. of, the s5line spinsmin't ry a>s thle ground~ state.

lIntecrest ill th lantter' systeilha iticrea.sed r'ecenitIly withI thle st ud v of Nicol l ides'

Iheodorakopoul )s, and~ I etsal akis (NTP )l of th le I l.(X ') Ii( -U)svtlf

lweaulse of thle ionlic cli aract er of the B3 state whinch t hese author us label at .10I

Where chiarge tin usfer. occurs, a Iii axi mu ll ioli city exci ted staltes(N. lS see Fig.

I for the correlation diagram. This state is of Special unt erest bcause1" of its

strong electrostatic Li ndinlg.

A niodjell :3 based oin MIES properties suggests that. bounud excited states, of

Jpolyatouiie systems can be formed inl regions characterized by all avoided crossinug

with the ground state, if one of the interacting molecules call exist ill a MIILS.

Tfhe de scription for RL , where II.,' denotes 112(8 B ) is one( inl whIich a posi-

tive ioll comnplex 113' is formed, and~ interacts ili its ground~ st ate equilIi briumll

geomietruy (equi Iat (ral I triangle withI r =z .65a%) with 11 . The Ni1l lS gcolli '1 i

corresponding to I 1-I for the parent 1-1,(B ')is the charge t ranufer region at

4 .Oao1. The niecha nisili suppor-ted I)V NTiP with (A coni pwtat iols is one( of 11l3',

which is electron dleficienit it, the center of the t rianigle. initer:ctiuig N ith IifI at a

dist alwce o1 roughlY l.01) a lve the plane11 of Ilie Il.1' trialngle.
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During thle contract period tidies of' tilie 11 - II., sy siell h iave beenl p)urs ied

in this laboratory uising thle ljxedl-nio(e quia ntuii N loit Carlo ("NN iC) et hod.

A brief i ntrod uction to the method is prescitedl anid fo)llowed by a description of'

FNQN\IC and other calculations of the subject. system.

QUANTUM MONTE CARLO

Moiite Carlo app roachles to solving problemns with m nany degrees of' f'reedom

a1re -a class of, statistical Inet'liods ha.,ving ill coinor the general 1ionl o)f -"ran1dlii

num bers. InN toe pas ye rs \f la C rlo 1' )J)roaches Iii e seen) clle se(I

application inl a nllinliler of (liverse, lields. what we. ineamiwn here by (tiaitii

Mote Carlo (QNIC) is -a Niotte Carl.o procedure whic solves t lie Sc(-litKdliger

( 1 titioli. 'I'llis is to he (listiligtislted l-frim s-call1ed v:ir-i;ttioii:tI Nlit C:1r-lo, ill

w hichI one obtains expectation Valutes for :I qivccn trial wave fti nctioii.

'l'liis ability to stocha.stically solve the Schro*ditiiger eyttit io providles nn

alternative to coiveiit ioiilI techiqutes ol qpitiin clieiiiist lv. lat'lv xo'k' a

shiown that, highly accurate total eiierlgis ail crelt eiergies (.Il be

obtaiiiedl by QNI('. In fat.ill a procedlrally sinliple tiillii e, av:iecide exceeding

th1ose of* t li best, (ii ini( coliiigirlatioii ilitci-w-tioii icl11:1tioiis limve beenl

I'lie (s'seiice of' thle procedutre is to si iliht e a-,Iait n 4stiii by allowin, 'I

(arid an en1seln ble of Ii flererit ly pt'epated svst emls) to evolve tlinder tilie ilme-

(1c cil vit S~ l.;; ilI'r l*e~p ntollillilm "'fi ry 1: 1" )1 th ' ill P

:1.,4 : lm er -:11 :& () e \ i~l)Ill Ilcilf"S

L%. -01iA L-.%'me,



yW writing Ihe1 iig11-11- ic S"ltrhliltger equ~ationl %0i1 :1 "fiftl if) II zl -er

of' energy as

we( see I hat it iit:1Y hie j 4ilii'4'rteil as a g'Itlr:1lli l illl.i(41 hI~tm Tlw4 lilS?

terii on thle rigfit-hiniti -,id is ille ordiitarv. iiliioii tirtit1, WOili Ihle iiiltIn

is 1ostioil-ependellt raite ( oi r ilciil') term.i Vorl. III t s~ti .v ('111. S

D) Pc2n i~s thle tltrec-f\ iiisiotluil ciol'ilit( vector (1 I Iwi N (feet 0)ii-..

1,:1i1(Ioli walk, one( ninYa -,hiilnfai Hq. (1) with fth t ,1fii 60- flkepo (Ite* tot ns,2 It thel

hdensity or -Nvalks. 'Ill(- xvafk-, ilndc(rg() allI (-xpo0i(-tinl birt :md tuf4f4:itl n.i tsgv(il

h.% the rate terma.

'I1ll( >teadv-st ate sofiltion to1 IA. (I) is if)he tiIl(-uutlcpveldfelI Scef.oifuutger

equlationl. Thius ve htave '41( IH.t )-,oft), where op is -nl energy eigenst ate. The

vluej or 1,:, at ilIch ilie popintfntion ()f walkf-rs is- ;i-vmuptotIeaffv conil? it ive

the (- cm-np liui~fte cII 'icit:ittis (-ulijhovil g "h1. (1) inl li-:I.. weer

do~llW bY' Auiifersoii ()I1 :I illio(111411crrl- toi roill-(Iiit loll 'tii.

clectrn i m IIist Iw takeji liiio 14ocoltit. Ile :lilt iYvliiliit 1.. oI, le- (.2I", t Illfict i(m1

impillies 1that. q{i 1111st ellull11ge Sipgn; Ito%(ivel, :I dlIn-t v (e.g.. (If41k-> i~l

negative. The mlethod14 wich illios-es alitksiiliii-trY i 1v1, u' 1 it I 1 w4 :l title- pr'-

I\%"f'I 4' ill if I nn (114: ll' i~v l i'l- ii* 1 ii rili iol ii I. T h I I ' I (-, i )I qOi

.Ir .,p j



-tjilt OJ I it. ii' I'(. ai* t i onl t l i rndt ol Jl d ii th:,Iii'- li , :if fl4.L :tJ Jroi.ii(4

kpl0(i'S Hie l Ie lito ut' :Ipp J)'i' tl: it lwiluto flit ' ( ' III, err-i siii1i l lt o'i mui rli

(I) is iiiiililietd (oil both sides bY '. 1itt1 'Writ teji ill tcuuiis of, ile hew\ prol:iil-%

iy density f(Rzj) " P..IQ(Ht).Te re(Stltiit-,I1 eqilut ioulo l')I '(K I?. Jia . he wi-it-S

I( iI

dt l)V [HI',- E1,(L)]I V- [ol?~ (2)

Thle loeal energy E'1 (k), and tile "(111,1ti0iti f'orce" F>11?) "Ire siutiple Ill ijet iouts o)I

'1PT givenl 1)y

F~qima~oi (2 ), like 11(1. (1) is,: vilcernlizedl dilfl-isiu epi:tbtIm. t i Iigl nw \6111I tie

:14lditi olt (d . dirill' I eil' 111ci to thle pre'se'iie ol' FV

Illore to ;iei-fiiiii Ithe r-:tidoii wailk imipliedl bY I'1. (') ( Ie ue si-liti

;IpIl-o\iII:tti i ol h t Ili,' (;rcei'u's Fttiitcioii whili1 is, it,(i'd (4) evolvke llj *l(' t

Ill W h~ lit (If' :11 1111[P- HlW 11 i/(. T
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Geometries and energies rot the approach or H-2(B) to H,2 (X)

step R' L ,L2 L 977 _ +,(- - D energy lowing
1 5-2.2 1.40 2.43 1.215 1.215 0.0 -0.91
11 2.2 1.40 2.43 1.215-1.03 1.215-0.5 0.715 -0.20
m 2.2 1.60 2.63 1.93-2.13 0.5 0.865 -0.20
IV 2.2-1.75 1.60 2.63 2.14 0.5 0.865 -0.20
V 1.75-1.55 1.60 2.73 2.23 0.5 0.915 -0.46
VI 1.55 1.60 3.13 2.23-2.63 0.5 1.115 -0.69
VII 1.50 1.70 3.23 2.63-2.73 0.5 1.185 -0.11

TOTAL ENERGY LOWERING FOR THE SEVEN STEPS 15 3.75
CU.

*Distances in &u.; energies in ev.

R!- distance between the midpoint of H2(X) and the point where 1-141) meets
the H2(X) plane.
L, - length of I12 (X).

I- length of 112(B).
1.()- length of H2(B) above H2(X) plane.

L2(-).- length of H2(B) below H2(X) plane.
D - magnitude of shift of H413) midpoint (above (+)/below(-) ) plane of H2 (X).

Ha L4a

H~H
Hd

Hb H



asymptotic region to the neighborhood of the H4 MIES configuration. The table

also contains the energy lowering associated with the steps that are plotted in

Fig. 6. It is noteworthy that no energy barrier is encountered along this path.

Further, Fig. 7 show that when H(B) is displaced from bisecting H2 (X) in step II,

charge transfer immediately occurs. (Similar behavior has been found for the

related H2(B) + He system in an independent study by WAL.)

FNQMC STUDY OF THE GROUND-STATE PYRAMIDAL

STRUCTURE FOR Csv SYMMETRY

FNQMC calculations using the MCSCF trial functions discussed above yield

5 0.6-1.0 eV energy lowering compared to the results of NTP and are presented

in Fig. 8. Such a large change was not anticipated and so it was important to

test the validity of this finding. To this end a configuration interaction calcula-

tion including all single and double excitations (SDCI) using the MCSCF pilot

study basis set was carried out at R = 3.4 a.u. The energy was 0.32 eV lower

than NTP's value and is consistent with the improvement expected based on stu-

dies of other systems. The FNQMC results of Fig. 8 obtained using a new trial

function optimization algorithm, mentioned in the next section, are generally an

improvement over those of Fig. 8 obtained using MCSCF trial functions.

FNQMC STUDY OF THE EXCITED STATE

These calculations provide the severest test of the FNQMC approach

because of the lack of knowledge of the accuracy of the excited state trial func-

tion needed to provide a nodal description that assures orthogonality to the

111
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agI viif'lI c t(:(I I If-l (A' ) syiiimtio r\ (( 'j. \1( 'S( ' al I c Iat i~mis close to t I e

:iviil (~r-'-ilgstilitiI11011 rood) flipping. l)-pte thf (4eu 11116iiii:11. \I(S'CF

st rat egies to address the prob V at. it could not be resolved.

'Fhe NICSCI' convergence problem had been encountered earlier for

I Ic- 11,.(BA) but resolved by the use of an ab I'lt tio CI met hod. Interest here inl

using the FNQNIC method led us to develop a imet hod for trial function Construe-

tionb6 that avoids the NICSCF procedure. 'Ihle approach anmoutnts to the introduic-

tioni of paratnet er opt imtizatijon in thme random walk process. I 7sing grou p theory,

-1 project iont oplerat or is conistriucted antd uscd( to) (onst lilit thle wave funcetion to

have thie symet cry p ro c rties of' thle state of in t erest. Th'is metcihod has beelt

etuploycd in the present effort to generate the A-state l'N( NIC results,-, denotedc

A( I'NQNI( ), of Fig. S. Calculations usi ung this met hodl are ill progress to coin-

pletv the Is,-st ate curve, labeled E1(VNQM4C), in Fig. 8 for' 3.8 < H < 6.0aun

SA-MCSCF STUDY OF DISTORTED GEOMETRIES

(ah'ulatioms have been carried out using the stale averaged(SA)-j('S('1"

imet hod to (develop) trial functions for a QMIC study of thle topography of the

* ground- and excited-sztate potential energy surface (pes) in the region of the synm-

metric geometry of the MIES determined by NTP. Figure 0 presents the coordi-

nate system, Fig. 10 provides perspective views, and Fig. 11 (R = 4.0 a.u.) atid

Fig. 12 (1? =3.8 a.u.) show contour maps of the pes in the MIIES, region. Fig-

ures 11 and 12 show that the ground state has a saddle point at smaller 11 than

the mninin of the excited state and] that hot h feat ures correspond to alt isos-

celes triangle base for the MIS system. Further geometry op~timizatiton is

_1k1%



-.. -~ --- Wv v Yv -w q

x

dHa

1RZ

Hcp

b0

Hb Y

a0

Hp

dp

100



rJ

II
!J.
I p

-~ ~o

Ir~ i;,
~a4 -

~- Q~.
C.) C s~-W.

~4- ~-

U) ~

~,

cv

o ~-. p.-,

C.,

~

~

0
-

~t.

.,-' ..-~ p

r U':

r)J~~)
I-

4-

C
~4- ~- C

I

17



CONTOUR MAP (R'm4.O 0.

2.0L 0/1

4.;00. .0 -ft ,

b 1.4

2.o r s1. .

1.6 8 -

JoeZN~%
.0.ZiVz 01O

S9.

___~7 1/, iii 4 7, X

1.6 ~ ~ v yj ,.s 1. z aZ.

//z Z Szx



2.0:

.00.

0114

z VZ

.0 1I 1.71.

"ft% '4ft /
I//I"left/I'4ft

N.7
-p - %

- *mmS~%N

Z f~

//Z z Z,

I'A Z7 /A -4.Z

1.4 1. _ .____U

i r I.'. SU1 I I . I 1 V S

wr~*f~ 0' -. r. W-



POTENTIAL ENERGY Vs d

-1.994

-2..

R 3.7

R 3.9

-2.004

-0.05 ~ ~ ~ ~ ~ ~ ~ ~ O 0.0 3.7--1 1 O'O 0.5 03



Ile

.. r

IF

Ele

Q3  Q6

0 up

Odown

14. orm-il ode disp ;wcwnl_ 11 f,,, in l, vlmi -

P. 1A ?LE



NONA DIAI3A'IIC COUITLIN(;

Thu(d f~ei i l -.ItI N 1t SYhIceIig ti dep-u> of l (:I i h ise ir iei/tI

p X(iis(. h i f' 111 fli'L li l~ h pr il l 111(1 (X 5\f ill I t .( )If ",iJt~t i i h (

trelg hillc z t : til I rite>. jl ~h(\i (A'ke Octj Wii cs fiei ktiti ii , %illl

(~. hit f % foiihv-()ri i fill-> (~ ti I0) ie 1 i ee li II(I11let df

Holt imceir oil (hit. .( iii? i as e(iif with C (e s Qe ,ht :)fil .\' 1tefoI 1iI i I i t

Q IL. 1e fTifeililtii tfilFI2,\111(.ri ((2eii t tI Qh"e \ ( t I ],. (lle re1il 'i Ili I

thit thier- is frotiv (weldhig ht weii thie'' t, t> lurtilur r'oeiijet:,11-wfI~i It

is- iit0. f ed t o if ti t e ;eeci ie ri :,tte toc ("1111ii 11f rf-li:e1l.he ill'e il I

Ii~ i t ii



(oupling matrix elements )"I by a finite dif ference
method (extrapolated from 6Q = 0.002, 0.001, and
0.0005).

<E2IA/ > <E, I A/ >

Q, -2.0112(64) 0.0015(0)

Q2 0.0017(0) 2.0127(98)
Q3  0.0000 0.0000
Q1 -0.3904(389) -0.0010(3)
Q5 -0.0039(13) -0.3113(196)
Q 0.0000 0.0000

!,, and E, are doubly degenerate states where I'; is sym-
metric anld ""2 is aritisymmetric.

Figure 15. CI __ontr.ibutif o.-tocouplI ing mintr ix element or ..rma ,node ,
di spI acement see Fig. 14.
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